In addition to mesenchymal cells, endothelial cells may contribute to fibrosis through the process of endothelial-to-mesenchymal transition (EndoMT). We investigated whether human intestinal microvascular endothelial cells (HIMEC) undergo EndoMT and contribute to fibrosis in human and experimental inflammatory bowel disease (IBD). HIMEC were exposed to TGF-␤1, IL-1␤, and TNF-␣ or supernatants of lamina propria mononuclear cells (LPMC) and evaluated for morphological, phenotypic, and functional changes compatible with EndoMT. Genomic analysis was used to identify transcription factors involved in the transformation process. Evidence of in situ and in vivo EndoMT was sought in inflamed human and murine intestine. The combination of TGF-␤1, IL-1␤ and TNF-␣, or activated LPMC supernatants induced morphological and phenotypic changes consistent with EndoMT with a dominant effect by IL-1. These changes persisted after removal of the inducing agents and were accompanied by functional loss of acetylated LDL-uptake and migratory capacity, and acquisition of de novo collagen synthesis capacity. Sp1 appeared to be the main transcriptional regulator of EndoMT. EndoMT was detected in microvessels of inflammatory bowel disease ( 
Intestinal fibrosis is a complication of inflammatory bowel disease (IBD) with serious clinical implications.
1,2 It occurs in both Crohn's disease (CD) and ulcerative colitis (UC), in which fibrosis displays differential features depending on the distribution, degree, and duration of inflammation. 1, 2 Mesenchymal cells are primarily responsible for intestinal fibrosis. 1, 3 In response to pro-inflammatory signals, they become activated, expand in number, and increase secretion of extracellular matrix (ECM), which contributes to tissue remodeling and fibrosis. 4 Sources of fibroblasts in the inflamed gut include migration from nearby areas, proliferation, differentiation from stellate cells, and recruitment from the bone marrow. 1, [5] [6] [7] [8] Alternative mechanisms of fibrosis involve the differentiation and transformation of cells of nonmesenchymal origin. 9 -11 In inflamed organs, fibroblasts can be generated through epithelial-to-mesenchymal transition (EMT), 12 a process whereby epithelial cells acquire fibroblast phenotype and function as result of the action of several factors, among which transforming growth factor-␤1(TGF-␤1) is the best characterized. 9, 13 There is preliminary evidence that EMT occurs during fistula formation in CD patients and in experimental colitis. which inflammatory stimuli force the conversion of capillary endothelial cells into spindle-shaped granulation tissue cells. 16 Bovine endothelial cells from aortic or pulmonary arteries differentiate into mesenchymal cells in vitro, 17 and endothelial cells contribute to the pool of fibroblasts in murine models of cardiac, kidney, and lung fibrosis. 18 -20 As for EMT, TGF-␤1, tumor necrosis factor-␣ (TNF-␣) and IL-1␤ are the main drivers of EndoMT, suggesting mechanistic similarities between the two processes. 13, 19, 21 The above observations, coupled with the presence of inducers of EndoMT in IBD tissues, suggest that EndoMT could play a pro-fibrogenic role in the gut. We provide evidence that human intestinal mucosal microvascular cells transdifferentiate into mesenchymal cells on exposure to recombinant inflammatory cytokines but also ex vivo native mediators produced by mucosal immune cells. We found IL-1␤ to be the main driver of EndoMT and detected in situ and in vivo evidence of EndoMT in human and murine inflamed intestine.
Materials and Methods

Isolation and Culture of Intestinal Cells
Surgically resected specimens were used for isolation of human intestinal microvascular endothelial cells (HIMEC), human intestinal fibroblasts (HIF), and lamina propria mononuclear cells (LPMC). All specimens were of colonic origin, and cells were isolated and cultured as previously reported. [22] [23] [24] HIF were obtained as explants of surgically resected intestinal mucosa, grown to subconfluence in Dulbecco's minimal essential medium supplemented with 10% fetal bovine serum (FBS) and antibiotics, and then established as long-term cultures that were fed twice a week and subcultured at confluence. HIF are strongly ␣-actin positive, vimentin positive, desmin positive, and CD68, CD31, and cytokeratin negative 24 -30 ; in addition, flow cytometry shows that HIF express CD73 (ecto-5=-nucleotidase) and CD105 (endoglin, a surface membrane glycoprotein part of the TGF-␤ receptor complex). CD73 and CD105 are markers expressed by mesenchymal stem cells that are transmitted to their mesenchymal lineage descendents, such as muscle cells and fibroblasts. 31 HIF were used between passages 3 and 10.
Isolation of HIMEC was performed as previously reported. 22 This consisted of enzymatic digestion of intestinal mucosal strips followed by gentle compression to extrude endothelial cell clumps, which adhered to Petri plates precoated with fibronectin at 1 g/cm 2 . After 5 to 14 days of culture, discernible islands of endothelial cells were released using a solution of 0.05% trypsin and 0.53 mmol/L EDTA in calcium-and magnesium-free PBS. Suspended single cells were rinsed twice in PBS containing 2% FBS and stained with PE-mouse anti-human CD31 (PharMingen, San Diego, CA). CD31-positive cells were then sorted directly into a fibronectin-precoated well of a 24-well Costar plate using a BD FACS Aria machine (BD, San Jose, CA). Sorted cells were cultured in MCDB131 medium (Sigma, St. Louis, MO) supplemented with 20% FBS, antibiotics, heparin, and endothelial cell growth factor (Lonza, Walkersville, MD). 22 HIMEC were used between passage 8 and 14. HIF and HIMEC cultures were maintained at 37°C in 5% CO 2 , fed twice a week, and subcultured at confluence. LPMC were isolated from macroscopically involved and noninvolved, dysplasia-free bowel segments. 23 Tissues were obtained from histologically normal large-bowel specimens from patients admitted for bowel resection because of malignant and nonmalignant conditions, including colon cancer, benign polyps, and diverticulosis. Involved and noninvolved CD and UC colonic tissues were also obtained. A total of 28 specimens were used, including 10 controls, 9 UC, and 9 CD. All diagnoses were confirmed by clinical, radiological, endoscopic, and histological criteria. The Institutional Review Board and Institutional Animal Care and Use Committee of the Cleveland Clinic Foundation approved the human and animal studies, respectively.
Cell Cultures
HIMEC monolayers were cultured in six-well plates coated with fibronectin (1 g/mL) or collagen I (6 g/ cm 2 ) (Roche, Basel, Switzerland). Cells were exposed to individual cytokines or in combination (IL-1␤ 100 U/mL; TNF-␣ 100 U/mL; TGF-␤1, 5 ng/mL; all from Peprotech, Rocky Hill, NJ) for 6 days unless otherwise stated. HIMEC medium was changed every 3 days. Lamina propria mononuclear cells (LPMC) supernatants were generated by culturing 1 ϫ 10 6 cells/mL for 72 hours, alone or in plates coated with OKT-3 (10 g/mL) plus soluble CD28 (1 g/mL; Ancell, Bayport, MN) and LPS (100 ng/mL), and samples were stored at Ϫ80°C until use. For LPMC cytokine neutralization experiments optimal concentrations of IL-1RA (1 g/mL), anti-TGF-␤1 (10 g/mL) and anti-TNF-␣ (10 g/mL; all R&D) were used.
Electron Microscopy
For transmission electron microscopy (TEM) analysis, HIMEC and HIF were cultured on 4-well Permanox-Slides (Nunc, Rochester. NY, USA) as confluent monolayers and treated with the combination of TGF-␤1, TNF-␣ and IL-1␤ (see above) for 9 days. At the end of the incubation period cells were washed with PBS, immersed in 2% glutaraldehyde, and washed twice in PBS and postfixed with 1% osmium tetroxide in PBS for 1 hour. After two ten minute washes in double-distilled water, specimens were stained in 0.25% uranyl acetate overnight. After 24 hours, the specimens were washed with water and dehydrated through a graded series of alcohol and propylene oxide washes. Each sample was infiltrated sequentially with 2:1 and 1:1 propylene oxide-EPON for 4 hours, incubated overnight with 100% EPON, transferred to fresh EPON, and embedded and polymerized at 60°C for 24 hours. Thin sections were collected on copper grids, stained with uranyl acetate and lead citrate, and viewed using a Phillips CM-12 transmission electron microscope. At least 20 individual cells per condition were analyzed.
Immunofluorescence
A total of 80,000 HIMEC/well were seeded onto glass 8-well chamber slides (Nunc, Naperville, IL) coated with 1 g/mL fibronectin (Roche). After culture under various conditions, slides were rinsed in PBS and fixed with either ice-cold acetone or 4% paraformaldehyde at room temperature (RT) for 10 minutes. Before application of the primary antibody, fixed cells were blocked with 3% FBS in PBS. All primary and secondary antibodies were diluted in 1% FBS. For endothelial and mesenchymal markers monoclonal rabbit anti-human von Willebrand factor (factor VIII-associated antigen) antibody (Santa Cruz, Los Angeles, CA) was used at 1:100 dilution; mouse anti-human platelet endothelium cell adhesion molecule 1 (PECAM-1/CD31; Santa Cruz) at 1:100 dilution; mouse anti-human vascular endothelial cadherin (VE-cadherin; Santa Cruz) at 1:100 dilution; rabbit anti-human S100A4 (Dako, Carpinteria, CA) at 1:500 dilution; mouse antihuman ␣-smooth muscle actin (Sigma) at 1:25 dilution; mouse anti-human desmin (Abcam, Cambridge, MA) at a 1:100 dilution; and collagen 1 (Rockland, Gilbertsville, PA) at a 1:500 dilution. The respective antibody isotypes (Sigma and Santa Cruz) were used as controls for the primary antibody. After 2-hour incubation with the primary antibody at room temperature, slides were rinsed three times with PBS and the AlexaFluor 488 or AlexaFluor 594 antibody (Molecular Probes, Eugene, OR) was added at a dilution 1:500 for 1 hour at 37°C. AF488 coupled Phalloidin (AlexaFluor) was used at 1:40 dilution. For pericyte markers we used mouse anti-human NKI/M6 (Santa Cruz) and rabbit anti-human NG2 (Chemicon, Temecula, CA) at a concentration of 1:100. Anti-3G5 IgM was purified from supernatants of the 3G5 hybridoma line ATCC CRL 1418 (American Type Culture Collection, Manassas, VA). For nuclear counterstaining Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA) was used to counterstain nuclei.
Dil-Acetylated Low Density Lipoprotein-Uptake
HIMEC were treated with a combination of IL-1␤ 100 U/mL, TNF-␣ 100 U/mL and TGF-␤1 5 ng/mL for up to 20 days. At the end of the incubation period monolayers were washed, Dil-acetylated low-density lipoprotein (DilAc-LDL) (Biomedical Technologies, Stoughton, MA) added at a concentration of 10 g/mL for 4 hours at 37°C, cells were washed again and LDL uptake was assessed by fluorescence microscopy.
Immunostaining and Analysis of Intestinal Microvasculature
Immunostaining was performed as previously described. 26 Briefly, paraffin-embedded intestinal sections of histologically normal control and IBD-involved colonic mucosa were cut at 3-m thickness, deparaffinized then hydrated, blocked for endogenous peroxidase using 3% H 2 O 2 /H 2 O, and subsequently subjected to microwave epitope enhancement using a Dako Target retrieval solution (Dako) at pH 10.00. Nonspecific binding was blocked with 3% FBS for 1 hour. Incubation with a primary antibody rabbit anti-human von Willebrand factor (Santa Cruz) was performed at 1:50 dilution and for ␣-smooth muscle actin (Sigma) at 1:100 dilution for 1 hour at room temperature. Slides were rinsed three times with PBS and the AlexaFluor 488 or 594 antibody (1:500) applied for 1 hour at 37°C. For nuclear counterstaining Vectashield mounting medium with DAPI (Vector Laboratories) was used. In addition, hematoxylin/eosin and Masson trichrome stains were performed following standard procedures. The murine colonic tissue was treated accordingly: colons were fixed in 10% buffered formalin and embedded in paraffin. Paraffin-embedded colon sections were cut and then stained by the Hematoxilin and Eosin (H&E) and Masson's trichrome method. For staining of the paraffin-embedded colonic cross sections, chicken anti-GFP (Abcam), goat-anti CD31 (Santa Cruz), and mouse anti-␣-smooth muscle actin (Sigma) (all three at 1:100 dilution) and the respective AlexaFluor 488 or 594 labeled secondary antibodies were used. For the murine colonic section also frozen sections were used. Slides were analyzed using an Olympus microscope and ImagePro software (Media Cybernetics, Bethesda, MD).
Immunoblotting
Protein extraction was performed using a lysis buffer containing 50 mmol/L Tris pH 7.5, 150 mmol/L NaCl, 1% Triton X-100, 0.1% SDS, 1% Na-deoxycholate, and 1% protease and phosphatase inhibitor cocktail (Sigma). The concentration of proteins in each lysate was measured using the Bio-Rad protein assay (BioRad Laboratories, Hercules, CA) according to manufacturer's recommendations. Immunoblotting was performed as previously described. 26 Equivalent amounts of proteins (20 g) were fractionated on a 6% or 8% Tris-glycine gel and electrotransferred to a PVDF membrane (Millipore, Billerica, MA). Nonspecific binding was blocked by incubation with 5% milk in 0.1% Tween 20/Tris-buffered saline (Fisher Scientific, Hanover Park, IL) for 30 minutes., followed by overnight incubation at 4°C with the primary antibody(s). CD31 (Santa Cruz) was used at a dilution of 1:1000; VE-cadherin (Santa Cruz) at 1:1000; vimentin (BD Bioscience, San Jose, CA) at 1:2000; N-cadherin (Santa Cruz) at 1:300; fibronectin (BD) at 1: 2000; collagen I (Rockland, Gilbertsville, PA) at 1:500; desmin (Abcam) at 1:1000; ␣-SMA at 1:250; and GA3DH (Trevigen, Gaithersburg, MD) at 1:2000. Membranes were washed six times with 0.1% Tween 20/Tris-buffered saline, incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (Sigma), washed again, and incubated with the chemiluminescent substrate (Super Signal; Pierce, Rockford, IL) for 5 minutes, after which they were exposed to film (Kodak). Densitometric analysis was carried out with a Bio-Rad Universal Hood 2 imaging system (Hercules, CA) by calculating the intensity of the band of the specific protein of interest to that of GAPDH corrected for background. Significant variability in gel loading was assessed by calculating the degree of variability among the different bands of GAPDH expression in the same gel.
Migration Assays
Migration assays were performed in the modified 48-well Boyden chamber as described previously 7 : a polycarbonate filter (12-m pore size, polyvinylpyrrolidone-free, NeuroProbe, Gaithersburg, MA) divided the chamber into upper and lower compartments. Each chemoattractant was placed into the wells of the lower compartment in replicates of three diluted in MCDB with 5% FBS. A total of 20,000 HIMEC or HIF/well in MCDB with 5% FBS were seeded into the wells of the upper compartment of the Boyden chamber, which was then incubated at 37°C in 5% CO 2 atmosphere. After 18 hours the filter was removed, and the nonmigrated cells on the upper side of the filter were taken off with cotton-tipped swabs. The migrated cells on the lower side of the filter were fixed and stained with a Hemacolor staining kit (Merck, Darmstadt, Germany) and counted in high-power fields of view at a 630-fold magnification. Each experiment was performed at least in triplicate, and at least four fields were counted per well.
Quantitative RT-PCR
Selected genes relevant to cell differentiation and transformation that were regulated in the array data were confirmed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Eight independent HIMEC preparations were incubated with or without IL-1␤ 100 U/mL, TNF-␣ 100 U/mL and TGF-␤1 5 ng/mL for 6 days. Total RNA was isolated and purified as above, and reverse transcription and quantitative PCR performed according to manufacturer's instructions (Applied Biosystems, Foster City, CA). For the respective genes we used assay kits for COL1A2/collagen 1 (Hs00164099_m1), TNC/tenascin (Hs01115664_m1), NID1/nidogen (Hs00159600_m1), S100A4/FSP-1 (Hs00243202_m1) and vWF/von Willebrand factor (Hs00169795_m1). Relative differences were calculated using the comparative threshold cycle method (ddCt) by normalizing to CT values of GAPDH (reference gene). For the persistence of HIMEC transformation and cytokine neutralization experiments, RNA was extracted (RNEasy Miniprep kit, Qiagen) following the manufacturer's protocol. qRT-PCR was performed on cDNA (synthesized with iScript cDNA Synthesis Kit, Biorad) with iQ Sybr Green Supermix (Biorad) and genespecific primers. GAPDH was used as the reference gene and the Pfaffl method was used to calculate fold changes in treated versus untreated samples. 32 The forward and reverse primer sequences were as follows: for vWF (accession number NM_00055): 5=-GTGGTTGGTG-GATGTCACAG-3= (nt 32-51) and 5=-GCAAATCTG-GCAGGAATCAT-3= (nt 270-254) and for Col1A2 (accession number NM_000089.3): 5=-GCCCCCCAGGCAGA GA-3= (nt 614-629) and 5=-CCAACTCCTTTTCCATCAT-ACTGA-3= (nt 731-708).
Microarray Analysis
Four independent HIMEC isolates were cultured with or without TGF-␤1, IL-1␤, and TNF-␣ for 6 days. Total RNA was isolated and purified with the RNeasy Mini kit (Qiagen), and reverse transcribed into cRNA and biotin-UTP labeled using the Illumina TotalPrep RNA Amplification Kit (Ambion, Austin, TX). cRNA was quantified by nanodrop spectrophotometry and quality analyzed on a 1% agarose gel. cRNA was hybridized to the Illumina HumanRef-8 v2 Expression BeadChip (San Diego, CA) at the Cleveland Clinic Genomics Core facility. Statistical and functional analyses of gene expression data were performed by the Integrative Genomics Analysis Core facility. The raw gene expression datasets were processed to remove outliers, log2 transformed, and quantile normalized using R Iumi software. 33 Both raw P values and FDR adjusted P values were calculated. 34 Genes that satisfied the FDR P value threshold of Ͻ0.05 or raw P value of Ͻ0.001 and fold change threshold of 1.5 were identified as significant for the functional pathway and network analysis. Gene regulatory networks were generated using MetaCoreTM analytical suite version 5.2 build 17389 (GeneGo, St Joseph, MI).
35-37
Mice Adult male and female FVB mice carrying GFP driven by the endothelial-specific Tie2 promoter (Tie2-GFP) were originally purchased from the Jackson Laboratory (Bar Harbor, ME) and subsequently bred in our biomedical research unit. Animals were housed, and husbandry and euthanization were conducted according to Institutional Animal Care and Use Committee-approved protocols.
Induction of Chronic Inflammation-Mediated Murine Colonic Fibrosis
Chronic murine colitis was induced by weekly administration of increasing doses of trinitrobenzene sulfonic acid (TNBS; Sigma-Aldrich) as previously described (starting dose of 3 mg in 45% ethanol). 38 Mice were lightly anesthetized with isoflurane and then administered TNBS/ethanol, ethanol, or PBS per rectum via a 3.5-F catheter equipped with a 1-mL syringe; the catheter was advanced into the rectum until the tip was 4 cm proximal to the anal verge, at which time the TNBS was administered in a total volume of 150 L. To ensure distribution of TNBS within the entire colon and cecum, mice were held in a vertical position for 30 seconds after the intrarectal injection.
Statistical Analysis
Data were analyzed by Stat View software (SAS Institute, Cary, NC) using analysis of variance (analysis of variance) for independent groups. Repeated measures for the same subject were analyzed by using Student's paired t-test. Values were expressed as mean Ϯ SEM, and statistical significance was set at P Ͻ 0.05.
Results
Pro-Inflammatory Cytokine-Induced Morphological Changes in HIMEC
We obtained HIMEC free of any other contaminating cell types by flow-cytometric sorting of CD31-positive cells immediately after isolation. Repeated flow cytometric analysis confirmed the absolute purity of HIMEC as late as 20 passages. HIMEC lacked CD45, CK20 and ␣-SMA mRNA, failed to display ␣-SMA or fibroblast-specific protein (FSP)Ϫ1 by immunostaining, and Ͼ99% incorporated DilAc-LDL in freshly isolated and late passage cultures (not shown). Long-term cultures of HIMEC (up to passage 20, approximately equivalent to 5 months) show no changes in morphology, viability, surface markers, and they do not show evidence of spontaneous transformation or death. Typical endothelial cell morphology persisted throughout the duration of all experiments and ␣-SMA-positive cells were never noted at any passage in any culture.
To induce EndoMT, HIMEC were treated with TGF-␤1
18,19 as well as IL-1␤ and TNF-␣. Morphological changes were observed after exposure to individual cytokines, but the most dramatic changes, ie, marked increase in size and acquisition of spindle-shaped morphology, were observed when the three cytokines were combined (day 6) ( Figure  1A ). These changes persisted for at least 20 days after cytokine removal (not shown). Of note, adding TGF-␤1 alone at concentrations ranging from 0.001 to 10 ng/mL for up to 30 days failed to induce HIMEC morphological changes. HIMEC monolayers exposed to the cytokines used to induce EndoMT eg, TGF-␤1, TNF-␣, and IL-1␤, alone or in combination, maintained confluence, exhibited the same viability of nontransformed HIMEC, and contained only trivial amounts of cellular debris, which was comparable among cultures exposed to individual cytokines or their combinations.
Phenotypic Changes in Transformed HIMEC
HIMEC treated with TGF-␤1, IL-1␤ and TNF-␣ acquired a spindle-shaped morphology correlated with loss of CD31, vascular endothelial (VE)-cadherin, and von Willebrand Factor (vWF) ( Figure 1B ). This loss was accompanied by rearrangement of the F-actin cytoskeleton: while untreated HIMEC showed a weak and disorganized expression of F-actin fibers, transformed cells exhibited a marked increase in stress fibers organized longitudinally as seen in human intestinal fibroblasts (HIF) ( Figure  1B) . 24 Importantly, acquisition of ␣-SMA and FSP-1 also occurred ( Figure 1B) . Consistent with the morphological changes, TGF-␤1 alone for up to 30 days failed to alter the expression of endothelial markers (not shown), but induction of ␣-SMA was only observed if TGF-␤1 was present ( Figure 1B) , indicating that TGF-␤1 was necessary but insufficient for complete HIMEC transformation.
To assess whether morphological and phenotypic transformation was accompanied by alterations at the ultrastructural level, transformed, and nontransformed HIMEC were compared with HIF by electron microscopy. Transformed HIMEC displayed an elongated body similar to that of HIF, and, notably, the number of Weibel-Palade bodies was dramatically reduced ( Figure 1C) .
Immunoblot analysis showed a progressive loss and eventual disappearance of CD31 and VE-cadherin with a parallel gain in vimentin and N-cadherin expression in HIMEC exposed to single or combined cytokines ( Figure  2A ). As before, ␣-SMA was detected only if TGF-␤1 was present, especially in combination with TNF-␣ or IL-1␤. qRT-PCR corroborated these results by showing upregulated FSP-1 mRNA and downregulated vWF mRNA in transformed compared with untreated HIMEC (Figure 2B) .
Staining for ganglioside 3G5, proteoglycan NG2, the high-molecular-weight myeloma-associated antigen (HMW-MAA) 11, 39 and desmin 3 was negative in untreated and transformed HIMEC excluding the presence of pericyte or smooth muscle cell markers (not shown).
Persistence of HIMEC Transformation
We investigated whether phenotypic changes persisted on removal of the inducing agents. Once transformed (day 6), cultures were kept under endothelial cell-supporting conditions in the absence of any exogenous agents, and then re-examined by immunoblotting and qRT-PCR. After 10 days CD31, VE-cadherin and vWF were downregulated, whereas N-cadherin and vimentin were still present ( Figure  2C and 2D) , indicating a permanent change in cell phenotype. We systematically compared HIMEC from involved and noninvolved IBD tissue to HIMEC from normal control tissue for all of the above morphological and phenotypic parameters, but no quantitative or qualitative difference in the transformation process was observed.
Acetylated LDL Uptake, Migration, and ECM Synthesis by Transformed HIMEC
Uptake of acetylated LDL, a prototypical feature of endothelial cells, 40 is also carried out by HIMEC. Transformed HIMEC displayed a markedly reduced capacity for LDL uptake, which was entirely absent in cells with a full spindle cell morphology (see Supplemental Figure S1 at http://ajp.amjpathol.org). Intestinal fibroblasts had no capacity to take up LDL. Reduced LDL uptake was particularly striking after prolonged HIMEC transformation (20 days).
Based on in vivo distribution and function, transformed HIMEC should show reduced mobility spontaneously or in response to inducers of endothelial cell migration like basic FGF and VEGF 41 compared with mesenchymal cells. When migration of transformed HIMEC was tested and compared with that of untreated HIMEC, spontaneous and induced migratory capacity were significantly reduced and similar to that of HIF (see Supplemental Figure S2 at http://ajp. amjpathol.org). This change occurred with preservation of viability and proliferative activity.
Secretion of collagen I is the hallmark of mesenchymal cells and its production increases in various inflammatory conditions, including IBD. 1, 42, 43 After transformation by combined TGF-␤1, TNF-␣, and IL-1␤ treatment, HIMEC acquired the de novo capacity of producing collagen I (Figure 3 A-C) . Because fibronectin levels are known to increase in intestinal fibrosis, 2,44,45 its expression was assessed by immunoblotting in nontransformed HIMEC and compared with that of HIMEC exposed to the combination of TGF-␤1, TNF-␣ and IL-1␤ for 9 days. Densitometric analysis showed a significant 1.45 Ϯ 0.08 (P Ͻ 0.001; n ϭ 11) fold increase in the expression of fibronectin in the transformed compared with untransformed HIMEC. Tenascin C mRNA ( Figure 3C ), another ECM molecule the levels of which also increase in intestinal fibrosis, 2, 44, 45 similarly increased in transformed HIMEC, whereas expression of nidogen 1 mRNA, a basement membrane component, was reduced ( Figure 3C ). The de novo acquired ability to produce collagen I persisted on removal of the inducing factors for up to 10 days culture without transformationinducing factors ( Figure 2D ).
To determine whether any difference existed in the response of HIMEC from inflamed and noninflamed IBD tissue (CD and UC) or normal tissue, we compared the same functional parameters and could not detect any quantitative or qualitative difference.
Global Gene Profile Changes Associated with EndoMT
To assess regulatory changes accompanying HIMEC transformation, we performed microarray analysis comparing transformed to autologous untreated HIMEC. In HIMEC undergoing transition, Ͼ1.5-fold changes were detected in 1769 genes (884 down and 885 upregulated). Transformed HIMEC downregulated the expression level of genes typically expressed in endothelial cells, such as vWF, VE-cadherin, and CD31, and upregulated genes typical of mesenchymal cells, like FSP-1, N-cadherin, ACTA2, and Thy-1. Expression of several genes encoding ECM proteins that increase in intestinal fibrosis was upregulated, including fibronectin, tenascin C, and collagen I. In contrast, genes for ECM components typically expressed by endothelial cells or found in basement membranes, eg, collagen IV, collagen VIII, or entactin, were downregulated. The pattern and extent of expression was similar in control and IBD HIMEC. Sixty genes relevant to fibrosis or EndoMT are shown in Figure 4 (left panel). HIMEC incubated with supernatants of LPMC showed genomic patterns comparable to those induced by TGF-␤1, TNF-␣, and IL-1␤ (see http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?tokenϭ bhqhvqyoyygqqzy&accϭGSE15975).
To identify the main transcription factors involved in EndoMT, we applied the Analyze Networks algorithm in MetaCoreTM to the 60 genes regulated during HIMEC transformation. Sp1 resulted as the transcription factor regulating the largest number of EndoMT-related genes (33 of 60 genes), including SMAD3 and NF-B (Figure 4 , right panel). Both c-jun and c-fos were also prominent, regulating 19 of 60 and 18 of 60 genes, respectively. These transcription factors regulate networks enriched in genes involved in organ development, inflammation, and tissue remodeling. In particular, Sp1 was dominant in the gene network investigated, which included selective ECM and mesenchymal cell genes (such as collagen I and V, S100A4, Thy-1 and ACTA2) that increased during EndoMT, and endothelial cell and basement membrane genes (VEcadherin, CD31, collagen IV) that were modulated during HIMEC transformation (Figure 4, right panel) .
Evidence of EndoMT in Human Mucosa in Situ and ex Vivo Studies
We next sought evidence for intestinal EndoMT directly in human tissue. First, using colonic CD and UC tissues with comparable degrees of active inflammation and histologically normal non-IBD colon as control, we consistently detected discrete areas of co-localization of ␣-SMA with vWF in microvessels scattered throughout CD and UC mucosa ( Figure 5 ). Of note, this was observed only in areas where the mucosal microvasculature was in close association with inflammatory infiltrates (Figure 6A) . Second, we tested whether native inflammatory mediators present in IBD mucosa could reproduce the EndoMT observed in vitro. The morphological changes induced by recombinant cytokines ( Figure 1A) were fully replicated by exposure to supernatants of ex vivo activated LPMC ( Figure 6B ) as well as the downregulation of endothelial and upregulation of mesenchymal cell markers ( Figure 6C) .
TGF-␤1, IL-1␤, and TNF-␣ are abundant in activated LPMC supernatants. 46 To determine which of these factors has the greatest capacity to induce EndoMT, we neutralized their biological activity individually and in combination. Blocking TGF-␤1 or TNF-␣ alone failed to restore the endothelial morphology of transformed HIMEC. In contrast, adding IL-1RA alone or in combination with anti-TGF-␤1 or anti-TNF-␣ preserved HIMEC original morphology ( Figure 6B ). Of note, LPMC supernatants contained substantial amounts of both IL-1␣ and IL-1␤ (728 Ϯ 196 and 855 Ϯ 150 pg/mL, respectively; n ϭ 13). Although blockade of TGF-␤1 did not alter the gene expression levels of vWF and Col1A2, blocking TNF-␣ partially restored vWF gene expression in transformed HIMEC. Importantly, adding IL-1RA alone or together with TGF-␤1 and TNF-␣ almost completely restored the gene expression of vWF and to a lesser degree of Col1A2 ( Figure 6D ). No differences were noted between control or IBD LPMC supernatants (not shown).
Evidence of EndoMT in Vivo within Animal Studies
We sought direct evidence for intestinal EndoMT in vivo using an intestinal inflammation-induced fibrosis animal model. Because endothelial cells lose typical endothelial markers during the transformation process, they can no longer be identified in vivo. Therefore, adopting the murine model of TNBS colitis-induced fibrosis, 38 we used endothelial reporter mice in which GFP is expressed under the control of the endothelial cell-specific promoter Tie2. Cells of endothelial origin are marked by GFP expression 47, 48 and even after transformation can still be recognized by the co-expression of mesenchymal markers and GFP.
After 8 weekly intrarectal injections of TNBS 38 inflammatory infiltrates accompanied by substantial thickening of the muscularis mucosa, submucosa and muscularis propria as well as abundant collagen deposition were observed; none of these changes were seen in mice receiving PBS or ethanol ( Figure 7A ). GFP expression in the control animals (PBS or ethanol) was restricted to endothelial cells lining vessels of the mucosa and submucosa. In the TNBS-induced colonic fibrosis, however, GFP-expressing cells were found outside of the vessels and within the fibrotic areas ( Figure 7A ). When examined by confocal microscopy some of the GFP-expressing cells lining microvessels co-expressed ␣-SMA, indicating acquisition of a typical mesenchymal cell marker ( Figure 7B ), and these double expressing cells were found in all tissue layers ( Figure 7C ). This occurred exclusively in TNBS-treated animals exhibiting both inflammation and fibrosis, whereas no GFP and ␣-SMA-coexpressing cells could be found in PBS or ethanol enema-treated animals.
Discussion
Cell transformation occurs during embryologic development as well as in cancer and fibrosis. EMT and EndoMT selectively contribute to fibrosis in the skin, lung, kidney, liver, heart, and lung, where inflammation appears to be the central driving force. 18 -21,49 Considering the proximity of inflammatory infiltrates to the microvasculature in vivo, EndoMT could also occur in IBD. On exposure to recombinant cytokines or ex vivo inflammatory mediators, human mucosal endothelial cells underwent morphological, phenotypic, and functional changes consistent with EndoMT. Changes occurred regardless of whether HIMEC derived from normal and involved or uninvolved IBD mucosa. Of note, pre-exposure to inflammation in Figure 5 . In situ evidence for EndoMT. Immunofluorescence images of human colonic mucosa stained with vWF (red) and ␣-SMA (green). Co-localization (arrows) of these mesenchymal and endothelial proteins was detected (merged yellow color) in discrete microvessels scattered throughout the mucosa of CD and UC, but not control specimens. Nuclei were counterstained with DAPI (blue). 
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AJP November 2011, Vol. 179, No. 5 vivo, as occurs in active IBD, was not a requisite for endothelial transdifferentiation in vitro, suggesting that EndoMT is readily inducible in the gut without pre-conditioning. Thus, the gut mucosal microvasculature seems intrinsically susceptible to transformation, a notion corroborated by the induction of EndoMT in vivo in a murine model of colonic fibrosis. IL-1␤ was sufficient to induce all events required for HIMEC EndoMT with the notable exception of de novo acquisition of ␣-SMA, which was strictly dependent on TGF-␤1. Others have reported that TGF-␤1 alone can induce EndoMT in the lung, heart and kidney. 50 -52 A reason for this organ-dependent difference may be the uniquely high content of TGF-␤1 in the intestine 53 ; otherwise, EndoMT would occur under physiological conditions. Other differences may depend on the macrovasculature versus the microvasculature. TGF-␤1 induces EndoMT in lung and heart macrovascular endothelial cells, but is dispensable for EndoMT of dermal microvascular endothelial cells. 21, 51 Another level of conditioning may be needed for EndoMT in the gut, a conclusion supported by the observation that LPMC supernatants effectively induced transformation. The neutralization experiments clearly point to IL-1 as the dominant factor responsible for EndoMT. In fact, because LPMC supernatants reflect the in vivo situation, contain abundant quantities of both IL-1␣ and IL-1␤, and their biological activity is similarly blocked by IL-1RA, these cytokines appear to be the main drivers of EndoMT in IBD. This conclusion is supported by the failure of bone morphogenic protein 7 (BMP-7), an agent that prevents EMT by inhibiting TGF-␤ activity, 18 to block or reverse HIMEC transdifferentiation in vitro (not shown). It should also be noted that LPMC supernatants contain a vast array of soluble mediators, and it cannot be entirely excluded that other molecules may also contribute, to some degree, to the phenomenon of EndoMT.
EndoMT appeared completed at the end of 6 days of cytokine exposure because, by then, HIMEC had lost the endothelial markers CD31, vWF, and VE-cadherin and had acquired mesenchymal cell markers (vimentin, Ncadherin, ␣-SMA, and FSP-1) in addition to displaying mesenchymal cell morphology. Prolonging transforming conditions did not result in additional changes, suggesting the creation of a stable mesenchymal phenotype. Translated to the in vivo situation, these findings imply that the transdifferentiated cells remain and expand the pool of mucosal mesenchymal cells even after inflammation has subsided. This is supported by models of experimental IBD, in which fibrogenic genes remain upregulated after inflammation-associated genes have returned to basal levels. 54 A pericyte and smooth muscle cell contribution to the mesenchymal cell pool was excluded by the lack of the pericyte markers NG-2, 3G5, and HMW-MAA, and of desmin, which is abundant in smooth muscle cells. 3, 11, 39 This validated the endothelial nature of the transformed cells, which exhibited a phenotype indistinguishable from that of HIF. 1, 3 Importantly, EndoMT resulted in functional differentiation as measured by migratory capacity, LDL uptake and ECM production. Original magnification: ϫ200 for submucosa in B (right panels) and muscularis propria in C, and ϫ600 for mucosa and submucosa in C. 2670 Rieder et al AJP November 2011 Compared with endothelial cells transformed HIMEC should display a limited migratory capacity as observed in resident mesenchymal cells. This was the case, conceivably facilitating retention of the transformed cells, expand the mesenchymal cell pool, and thus contributing to fibrosis. The loss of endocytic activity, shown by the inability of transformed cells to uptake LDL, was remarkable considering that all endothelial cells display strong nonspecific (pinocytosis) and receptor-mediated LDL endocytosis. 40 During transformation HIMEC increased fibronectin production and acquired the de novo ability to produce collagen I, a feature absent in nontransformed cells. The enhanced production of ECM combined with loss of migratory capacity could render transformed HIMEC just as effective as native mesenchymal cells in promoting wound healing and fibrosis. 3, 55 In this regard, the concomitant reduction in vWF and increase of Col1A2 gene expression, and the persistence of these changes after cytokine removal suggest a permanent transformation allowing HIMEC to exert long-lasting pro-fibrogenic effects.
Complex and global changes underlie EndoMT. 56, 57 Genomic analysis confirmed that transformed HIMEC enhanced the expression of genes encoding for collagen I, fibronectin, and tenascin C, 1,2,42-45 concurrently expressed lower levels of genes encoding for ECM necessary for endothelial basement membrane assembly, like collagen IV, collagen VIII, or entactin, and secreted high amounts of bioactive MMP2 (not shown). These findings suggest that during transformation mucosal endothelial cells may enzymatically degrade the basement membrane and downregulate production of basement membrane proteins to allow the transformed cell to invade the surrounding interstitium.We did not specifically investigate whether EndoMT affect the number and diameter of microvessels in the inflamed tissue. However, we have previously reported that in IBD mucosal microvessels display an increased number of vessels per field, mean vessel area, percent section area, and large vessel diameters. 41 It is also possible that EndoMT creates leaky vessels that facilitate increased leukocyte extravasation. In fact, we and other groups have described various abnormalities of mucosal microvessel function in human and experimental IBD. 58, 59 All these effects may be enhanced by the increased angiogenesis of IBD tissues, 41 by providing a rich substrate for EndoMT and generation of more fibroblasts. As fibroblasts are a major source of pro-angiogenic factors, their increase could further promote angiogenesis, and conceivably create a self-perpetuating loop of angiogenesis-dependent EndoMT amplified by fibroblast-derived pro-angiogenic factors, a scenario proposed in carcinoma-associated fibrosis. 60 To gain insight regarding the genes controlling intestinal EndoMT, we performed an investigation using microarray genomics transcription factors associated with transformation. Sp1, c-jun, and c-fos were the dominant transcription factors detected in association with the process of EndoMT, with a lesser role for NF-B. Although the identification of c-jun and c-fos was not surprising, the prominent nature of Sp1 was unexpected. Sp1 is thought of as an activator of housekeeping and intermediary metabolism gene, but recently its involvement in proliferation, tumorigenesis, and collagen metabolism has been demonstrated. 61, 62 It should be noted that the results of the bioinformatics analysis do not prove that Sp1 or the other factors are the main transcriptional regulators of EndoMT. Nevertheless, they provide specific targets for future experiments where their blockade (by RNA silencing, for example) may prevent or reverse the phenomenon of HIMEC transformation.
To translate the above findings to the in vivo situation, we sought evidence of EndoMT in human and murine intestine. Co-expression of endothelial and mesenchymal markers, compatible with ongoing EndoMT, was found in microvascular cells of both CD and UC mucosa, but only in actively inflamed tissue. This suggests first that the underlying disease process is not the primary determinant of EndoMT but, rather, the degree and duration of inflammation; second, once endothelial markers have disappeared and mesenchymal markers are expressed, the endothelial phenotype is permanently lost and immunohistochemical detection of transformed cells in situ is no longer possible in human tissues. Additional evidence of EndoMT in vivo was obtained using a model of inflammation-induced fibrogenesis in endothelial cell reporter mice, where the fate of GFP-flagged endothelial cells can be followed in vivo even after full transformation. 18, 19, 52 The finding of GFP-expressing cells outside of the vessels and deep within fibrotic areas of all layers of the inflamed colon confirms the notion that EndoMT occurs in the inflamed gut and contributes to fibrosis.
To what extent EndoMT and, for the same reason, EMT contributes to fibroblast accumulation and ECM deposition is currently a matter of controversy. 63 This can be theoretically assessed in experimental animal models using tagged cells, but the results of these studies are far from conclusive because of considerable variation of the experimental conditions and the methods used to "quantify" transformed cells in "selected" tissue sections. 63 Furthermore, this information cannot be translated to human tissues because specific markers are lost once the endothelial cells have fully transformed. The key point, however, is the unequivocal demonstration that the phenomenon of EndoMT is real, as we showed in both human and murine tissues exposed to similar inflammatory conditions.
In summary, these studies provide strong evidence that EndoMT readily occurs in the intestine exposed to inflammatory stress, as seen in human IBD mucosa and experimental colitis, and contributes to local fibrogenesis. Targeting EndoMT has been proposed as a novel therapeutic strategy in cancer and various other disease states. 57 Considering the serious clinical implications of fibrosis in IBD, preventing or blocking EndoMT may be a novel and useful approach to eliminate or reduce inflammation-induced fibrosis and stricture formation.
